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Abstract 
This paper discusses the behaviour, design and analysis of high strength reinforced concrete (HSC) deep beams 
regarding the neutral axis variation. The study of this structural element is motivated by the lack of a clear procedure 
for the design of these structural elements, which have many useful applications such as in foundations, in offshore 
structures, in tall buildings and in bridges. It should be noted however, that the design of these structural elements is 
not covered sufficiently by the existing codes of practices. For example, the British code BS8110 explicitly states that, 
for design of deep beams, reference should be made to specialist literature. Other codes such as the ACI, the draft 
Euro code EC/2, the Canadian code and the CIRIA guide No.2b present some design guidelines based on empirical 
analysis. The present research consists of six HSC deep beams designed and casted with self compacted concrete 
(SCC). The main goal of this research is to study the stress-strain distribution along the beam section at mid-span and 
discuss the variation of the neutral axis within the depth. Sufficient horizontal and vertical web reinforcement are 
used to ensure tensile reinforcement yielding before shear failure. It was decided to keep the beam’s length, depth and 
thickness constant while varying the tensile reinforcement percentage.  Strain gauges have been attached on the 
concrete surface, on the tensile reinforcement and on the horizontal and vertical web bars to monitor the strains, both 
in concrete and in the different reinforcement bars. The data show clearly that the distribution of strains, and hence of 
stresses, in the deep beams studied is completely different from the linear one, commonly accepted for ordinary 
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beams. They also have more than one neutral axis, making the ordinary beam theory used in flexural design not 
justified in deep beams. 
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1. Introduction 
Concrete deep beams are those having a shear span-to-depth ratio (a/d) less than 2.5 (ACI, 1973). These 
structural elements have applications as transfer girders in tall building, foundation and offshore structure. 
Since the strength and failure behavior of deep beams is usually controlled by shear and is different with 
shallow beams, it is important to understanding the shear behavior and design of these structural elements.  
Therefore this paper discusses the behaviour, design and analysis of high strength self compact concrete 
(HSSCC) reinforced deep beams with special attention to strain distribution and neutral axis depth variation. 
Due to the geometry and dimensions of deep beams, they behave as two dimensional rather than one 
dimensional members and are thus subjected to a two dimensional state of stress. Consequently, plane 
sections before bending don’t essentially remain plane after bending. The stress and strain distribution 
along the deep beam length is different from that in shallow beams. In 1932 Dischinger (Dischinger, 1932) 
used trigonometric series to determine the stresses in continuous deep beam. Later the Portland Cement 
Association (PCA) prepared an expanded version of Dischinger’s paper and added solution for simply 
supported span. Chow et al. 1952, used finite-element equation to solve simple-span deep beam problems. 
Kaar in 1957 reported on tests made on model of simply supported deep beams. With the lack of a specified 
procedure for designing these structural elements and with the absence of study concerning high strength 
concrete deep beam, the present research work represents an experimental investigations which focuses on 
the strain distribution in high strength concrete deep beams.  
The experimental work consists of six High Strength Concrete (HSC) deep beams designed and casted 
with self compacted concrete (SCC). The main goal of this research is to study the stress-strain distribution 
along the beam section at mid-span and discuss the variation of the neutral axis within the depth. The strain 
distribution through the mi-span section of the beam can no longer be considered as linear because of the 
effect of shear deformation that is neglected in normal beams. Sufficient horizontal and vertical web 
reinforcement is used in the aim of ensuring yielding of the main tensile reinforcement before shear failure. 
It was decided to keep the beam’s length, depth and thickness constant while varying the tensile 
reinforcement percentage.  Strain gauges have been attached on the concrete surface, on the tensile 
reinforcement and on the horizontal and vertical web bars to monitor the strains, both in concrete and in the 
different reinforcement bars.  
It was decided to locate the TML strain gauges and demecs on the grids size less than one sixteenth of the 
length of the beam, so that one weakness, that of the coarse net as in Chow, Conway, and winter solution 
(chow et al. 1952) can be overcome. In this process the evolution of the neutral axis both in number and in 
depth was monitored at the different loading, in particular before appearance of first crack, before yielding 
of tensile bar and at the ultimate state.  
The data show clearly that the distribution of strains, in the tested deep beams is completely different 
from the linear one, commonly accepted for ordinary beams. Accordingly, the stress distribution acting on 
the mid-span of the beam surface becomes none-linear even at the elastic stage. At the ultimate limit 
condition, the stress distribution in the concrete surface located in mid-span would no longer be the same 
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parabolic shape as in normal beams. They also have more than one neutral axis, making the ordinary beam 
theory used in flexural design not justified in deep beams. 
2. Material and Method 
Due to technical and economical justification it was decided to use high strength self compact concrete. 
SCC is a highly flowable, non-segregating concrete that can spread into the mold and fill the formwork and 
encapsulate the reinforcement without any need for consolidation. The concrete mix design is given in 
Table 1 and the required details exist in Mohammadhassani thesis approach (Mohammadhassani, 2010). 
Table 1: The high early self-compact concrete mix design 
Characteristic cube strength 75Mpa 
Aggregate type Crushed granite and natural sand 
Cement type Ordinary Portland cement 
Slump of concrete More than 650mm 
Coarse aggregate content 553 kg/m3 
Fine aggregate content 887 kg/m3 
Water-cement ratio 0.27 
Water-binder ratio 0.25 
Silica fume-cement ratio 0.1 
This mix design was specified for a high strength concrete with the characteristic concrete cube strength 
around cf c =80 Mpa. For this purpose ordinary Portland cement with coarse aggregate seized with 
maximum 20 mm diameter was used together with water –reducing plasticizing admixture, added to 
maintain the workability around a target design slump of 700mm. The related compressive strength for 28 
days and beam’s specification are summarized in Table 2. 
Table 2: Specifications of beams 
As 
(cm2) 
d 
(cm) 
U  
(%) 
cf  
 Mpa  
Beam’s 
number 
1.91 43.55 0.219  91.5 B1 
2.36 43.85 0.269 91.5 B2 
3.83 46.9 0.410 91.1 B3 
5.58 46.2 0.604 93.72 B4 
7.60 47.0 0.809 79.1 B5 
8.54 45.5 0.938 87.5 B6 
This paper addresses the effect of different web reinforcement and different tensile bar percentage on the 
stress- strain distribution of HSSCC deep beam. The research work consists of 6 rectangular beams with 
1500mm length, 500mm height and 200mm thick. Based on the design process, the type of web bars used 
was changed as presented in Table 3. Their related mechanical specifications are given in Table 4. 
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Table 3:  The bar schedule specification of tested beams 
Beam’s number Tensile bar Vertical stirrup Horizontal stirrup 
B1 3Ø9 Ø9@10cm c/c Ø9@15cm c/c 
B2 3Ø10 Ø9@10cm c/c Ø9@15cm c/c 
B3 2Ø10+2Ø12 Ø9@10cm c/c Ø9@15cm c/c 
B4 2Ø10+2Ø16 Ø9@10cm c/c Ø9@9.5cm c/c 
B5 2Ø10+3Ø16 Ø10@10cm c/c Ø10@8cm c/c 
B6 1Ø9+4Ø16 Ø10@10cm c/c Ø10@8cm c/c 
Table 4: The bar specification of tested beams
Bar’s diameters 
(mm) 
(yf mpa
 
(mpafu
 
Ɏ9 353.0 446.0 
Ɏ10 614.4 666.0 
Ɏ12 621.6 678.4 
Ɏ16 566.3 656.0 
   
For the data collection, the first readings were those under the weight of beams and then the loading 
process was carried out with an increment of 20 KN until first crack appeared. Figure 1 shows the location 
of demec and strain gauges on the concrete surface for different strain measurement. All the beams were 
tested to failure under two –point symmetric top loading.  
 
Figure 1: The loading arrangement, strain gauge and demec location 
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3. Result and Discussion 
From the data collected through strain and demec gauges reading, the strain distribution through the 
height of beam section has been investigated and drawn. It was decided to present the strain distribution 
through the height of beam section at the first stage of loading, at the appearance of the first crack, at the 
initiation of yielding of main tensile reinforcement and at the ultimate loading stage. The results of beam B1 
is presented in Figure 2 below. 
 
  
(a) first load (3N.A), (b) first crack(6N.A), (c) yielding state (3 N.A), (d) ultimate state (5N.A) 
Figure 2: Neutral axis depth variation at the mid-span and different loading stage of B1 
The compression strain at the top fiber of mid span section increases as the load increases, but in the 
tension area the various recorded values were disturbed by the cracks and the flexibility of this area. 
For a better description of the strain distribution during the loading process, graphs are drawn and 
presented as is depicted in Figure 3 for all the loading stages in beam B1.  
As shown in these Figures, at the load around ultimate state, the compressive stress distribution in the 
concrete no longer follows the same parabolic shape or intensity as that used for normal beams to act as 
linear. This condition is due to the predomination effect of horizontal bar after the occurrence of crack and 
reducing the concrete compression area.  
According to these Figures, the compression strain is very low in comparison with that in normal beams. 
This aspect should be taken into account when designing a deep beam since the maximum strain at the 
extreme compression fiber is comparatively small.  
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Figure 3: The strain distribution for B1 at all loading stages. 
 
(a) first load (5N.A), (b) first crack(3N.A), (c) yielding state (5N.A), (d) ultimate load(3N.A) 
Figure 4: Neutral axis depth variation at the mid-span at different loading stage of beam B2 
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(a) first load (1N.A), (b) first crack(2N.A), (c) specified load (4N.A), (d) ultimate load(3N.A) 
Figure 5: Neutral axis depth variation at the mid-span and different loading stage of B3 
 
(a) first crack (4N.A), (b) specified load (4N.A), (c) ultimate load(2N.A)        
Figure 6: Neutral axis depth variation at the mid-span and different loading stage of B4 
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(a)first load(8N.A), (b)first crack (2N.A), (c)specified load(1N.A), (d) ultimate load(3N.A) 
Figure 7: Neutral axis depth variation at the mid-span and different loading stage of B5 
 
(a)first load(2N.A), (b )first crack (1N.A), (c) specified load(3N.A), (d) ultimate load(3N.A) 
Figure 8: Neutral axis depth variation at the mid-span and different loading stage of B6 
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In some loading steps, due to the appearance of cracks in the area under study, the strain measurements 
are not accountable. As shown from data analysis in Figures 5, 6 and 7, the strain distribution is no longer 
considered as linear, even before tensile bar yielding state. Therefore, shear deformations that are neglected 
in normal beams become significant in comparison by bending deformation. Also the occurrence of crack is 
important in the strain distribution especially in tension area that has effect on the stiffness and 
redistribution of internal load by increasing the deflection. 
The maximum strain was measured in mid-span and along the compression strut and is presented in 
Table 5.  
Table 5: Maximum strain amount along the compression trajectory and at mid span location 
Number of Beams cuH  at the mid-span cyH  at the mid-span cuH along the strut line 
B1 0.000607 0.000283 665e-6 
B2 0.002172 0.000793 682e-6 
B3 0.001074 - 503e-6 
B4 575e-6 - 576e-6 
B5 406e-6 - 614e-6 
B6 695e-6 - 524e-6 
The strains were maximum along the compression strut with the highest measured strain around 0.0007. 
This is lower than suggested by the Canadian code (Canadian standards association, 1994). As seen in 
Table 5, the maximum compressive stress has occurred around of mid height of these beams.  
The PCA pamphlet (Portland Cement Association) stated in effect that the stress curves at mid-span are 
nearly alike whether the width of supports is 1/5, 1/10 or 1/20 of the span (centre to centre of supports). In 
the present study, the support and loading point width is less than L/26 since the concrete is of a higher 
strength and does not crush locally under loading; this may have caused changes in the stress distribution 
and in the strain at mid-span. The narrower support width may be is increasing the maximum tensile stress. 
4. Conclusion 
Based on this research, it can be concluded that, the strain distribution of deep beam is nonlinear before 
of tensile bars yielding state but it transforms to an almost linear state at ultimate condition due to horizontal 
steel bars behavior and crack progress. It was also evident that at the ultimate limit state, the stress 
distribution in compression area in the concrete is not parabolic as in the shallow beams. The intersection 
points of strain distribution decrease with the increase of the applied load. In other word the number of 
neutral axis depth will decreases after the yield point up to the ultimate load.  
Based on this study, the strains measured along the compression strut were less than the value of 0.002 
proposed by the Canadian code, with the highest measured strain reaching about 0.0007. This study shows 
that the compression strain may not occur in the compression strut trajectory line. This has an important 
implication in the design of deep beams, particularly when using the Canadian code. 
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